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By Dwight B. Klinel
SUMMARY

Rotating-cylinder measurements of the icing conditlons encountered
in flight during the winter of 1947-48 are presented. ILiquid-
water content, drop slze, and temperature data are shown to be con-
silstent with previously measured condlitions and with proposed
maximm icing conditions in supsrcooled layer-type clouds. Cumulative-
frequency graphs of metecorological parameters indicate the freguency

with which various icing conditions have been encountered in the
Great Lakes area and surrounding states.

INTRODUCTION

One of the problems closely assoclated with the development of
adequate and practicable thermal ilce-prevention equipment for air-
planes is the determination of the range of the pertinent metecro-
logical variables that occur in icing comditions likely to be
encountered during flight. ' One phase of the baslc research on air-
craft icing problems conducted by the NACA has therefore been an .
attempt to find and to fly through natural icing conditions for the
purpose of measuring the meteorological factors associated with
supercooled clouds.

Incomplete information concerning the fundamental physical
processes that determine the structure of clouds and cloud systems
has necessitated a statistical approach to the problem. The accumm-
lation of considerable meteorological data over differing geographlical
ani. c¢limatological regions in various weather conditions is
therefore required before the design limits for 1lce-prevention
systems can be stated with reasonable certainty.

Ly, K11ne, U.S. Weather Bureau, has been assigned to work in
collaboration with the staff of the Lewls Flight Propulsion Laboratory
on the HACA ioclng research program.
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Throughout recent inveatigations of the physical properties
of icing olouds, the following quantities have been measured:
(1) liquid-water content, (2) mean-effective drop diameter, (3) dis-
tribution of drop sizes, ami (4) free-air temperature. No completely
reliable method of measuring these quantities in flight has yet
been developed. Data have been obtalned, however, that are of con-
siderable valus in the meteorological analysis of icing conditioms.

Results of the meteorological phases of previous NACA icing-
regearoh programs are presented in references 1 to 5. Reference 1
describes the mothods first used by the NACA to measure liguid-
water content of icing clouds., Meteorological aspects of icing
conditions in stratus clouds and warm-front precipitation areas are
discussed in references 2 and 3. Reference 4 presents the results
of numerous mesasurements of liquid-water content and drop size and
discusses tentative estimates of the most severe icing conditions
likely to be encountered in all-weather transport operations. Data
from further and more extensive icing flights, Including the 1946-47
winter data collected 'by the Lewls laboratory, are presented in
reference 5.

In an effort to assist in achieving a satisfactory solution of
the design problem, the B-24M and XB-25E airplanes were egqulipped
with special meteorological instruments similar to those used during
previous NACA flights and were flown in natural icing conditions
during the winter of 1947-48, Most of the flights were conducted
over the Great Lakes area or surrounding atates. The need for reason-
ably homogensous and continuous icing corditions for engineering
test purposes required flights in overcast layer-type clouds such
as stratus, stratocummulus, or alto-stratus.

Potential icing conditions not included in this investigation
are those associated with freezing ralin and the heavier, but inter-
mittent, conditions to be found in cunmlus-type clouds. Measurements
wero mede only in those conditions requiring continuous operation
of ice-prevention equipment.

The £light measurements made by the Lewls laboratory in 1947-48
and a comparison of them with data awailable from previous flights
(references 4 and 5) are presented herein. The need for flight
measurements for statistical purposes makes desirable the presenta-
tion of the data, desplte the somewhat limited scope of the addi-
tonal information.
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APPARATUS AND METHOD
Rotating-Cylinder Measurements

Measurements of liquid-water content , mean-effective drop
diameter, and drop-size distribution were caloulated from the

weiight gf icg collected on each of four rotating aluminum cylinders

of 33 1-4-‘-, and 3-inoch dlameters. The procedurs used to cal-
culate the desired quantities was similar to that outlined in ref-
erence 6, except that a density of 0.8 was assumed for all 1ce deposits
in calculating the average oylinder diameter during the exposure
period., Because of flight conditions, this procedure was used in
place of the more tedious, but slightly more accurate, method of
measurement of the thickness of the ice deposited on each cylinder.
For all computations the velocity in the vicinity of the cylinders .
wag assumsd equal to the true airspeed of the airplame., Once a
desired lcing condiition was encountered, as many runs as possible
wore made In order to approximate a contimmous record of the cloud
characterisgtics.

Free-Alr Temperature

Flight temperature measurements were made by mesans of a
resistance-bulb thermamster shielded to eliminate radlation effects
and direct impact of water. The thermcmeter was asubject to kinetic
heating because of the spsed of the airplane. Correctlions for the
kinetic heating were obtained by the procedure outlined in refer-
ence 4.

RESULTS ARD DISCUSSION

The 1947-48 data have been prepared in a form simllar to those
mresented in references 4 and 5. Table I is a summary of all 1947-48
flights in vhich rotating-cylinder measurements of drop slze and
liquid-water content were possible. Nine icing conditions were
encountered, during which a total of 42 observations of liquld-water
content and mean-effective drop dlemeter were made by the rotating-
cylinder method. All icing conditions encountered were in stratus
or stratocumlus clouds, which were assoclated with either cold or
occluded fronts or, more generally, were 1n the colder air mass
behind the surface demsity discontinuity.

Icing condition 2 is of interest in that the value of 0.57 gram per
cublic meter is the highest concentration of liquid water measured in
icing clouds during two seasoms of flights from the Iewls laboratory.
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Icing condition 9 was the most extensive and prolonged flight
possible in conditions with a relatively high concentration of
liquid water. Because the heaviest icing condition was along the
shore 1line of Lake Michigan, there 1s reason to believe that the
alr trajectory over the lake was a factor affecting the intensity
of the condition. ILess ice was encountered 30 to 40 miles inland
(first and fourth oylinder runs) where a light-drizzle condition
was reported at a few of the weather-observation stations Indicat-
ing a significant depletion of supercooled water in the clouds once
precipitation began to occur.

Comparison of 1947-48 Data with Icing Conditions
Encountered during Winter of 1946-47

The relation between liguld-water content and drop size is
shown in figure 1. The three curves indicating intensity of icing
conditions were-ccmputed on the basis of U.S. Weather Bureau speci-
fications for lcing intensity In repcrts from mountain observation
stations. The intensity is based on the rate of ice accretion on
a 3-inch-diemeter cylinder moving at 200 miles per hour. A uniform
drop size, a temperature of 15° F, and a pressure altitude of
10,000 feet were assumed in computing the intensity curves. Also
shown in figure 1 is the range of conditions encountered during
the previous season.

The average of the values of drop size and liquid-water content
in stratus and stratocumulus clouds from 42 runs compares closely

with the conditions measured during the previous season, as indicated

in the following table:

1946-47 1947-48
Liquid-water content, | Average - 0.21 0.23
gn/cu m Median .18 .19
Range 0.06 to .50 | 0.05 to. .57
Mean-effective drop Average 13 - 13
diameter, microns Median 12 12
Range 7 to 36 5 to 22
Temperature, °F Average 12 19
Median 15 21
- Range -11 %o 28 9 to 26

-~ 1047
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Of interest is the similarity of the average of the drop-diameter
measurements to the value of 12.96 microns based on an analysis of
Mount Washington icing observations (reference 7). The average
concentration of liquid water measured in flight, however, was
approximately half the value of 0.472 gram per cubic meter calculated
from the Mount Washington data.

Comparison of Data with Proposed Design Conditions
Tentative estimates of the most severe lcing conditions likely

to be encountered in flight are contained in reference 4. The
values for stratus and stratoocumulus clouds are:

Liquid-water Mean-effective Temperature
content drop diameter (°F)
(gm/cu m) (microns)
0.8 15 20
.5 25 20

Examination of table I and figure 1 indlcates that these pro-
poged maximm conditions were neither equalled nor exceeded during
the 1947-48 season. Whereas the first cylinder run of icing con-
dition 2 approximates the estimated maximwm conditions with respect
to liquid-water content and temperature, the decreased collection
officiency of exposed airfoll surfaces due to the small drops con-
siderably lessensd the rate of ice formation.

Frequency-Distribution of Meteorological Parameters

During the two seasoms of icing flights from the Lewis lab-

oratory, 31 flights were made in icing conditions during which

93 rotating-cylinder observations were collected. Nearly all the
data were gathered in layer-type clouds, including nine observations
in alto-stratus. Owing to the procedure of attempting to find, and
to fly as long as possible, in the heavier-icing conditions, the
data are believed to be weighted In favor of the more severe con-
ditions that exlsted in the Great Lakes area and surrounding states.

An ogive (cumulative-frequency curve) based on observations of
liquid-water content during the 1946-47 and 1947-48 seasons is shown
in figure 2, A liquid-water content of less than 0.40 gram per cubile

e e it m o e e e e b
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moter was measured in nearly 90 percent of the cases and S0 percent
of all observations were made in conditions with less than 0.18 gram
per cublic meter,

1047-

The ogive of drop-size measurements in figure 3 indicates that
about 90 percent of the measurements of mean-effective diameter of
the drops 1n lcing clouds were less than 20 microns and 50 percent
were less than 13 microns.

Because the actual ioing Intensity observed in flight is related
to both the concentration of supercooled water and the drop sizes,
camputations have been made of ths theoretical rate of ice accretion
on g 3-inch-diameter cylinder, which roughly approximates the lead-
ing edge of at least part of an airplane wing. Although no simple
measure of iocing intensity is adequate for engineering purposes,
the use of a 3-inch cylinder as a reference for icing-intensity
measwrements relates the obgervations to conditions that would
normally be observed by a pilot. Values for the collection efficiency
for a 3-inch cylinder for various drop slzes were taken from refer-
ence 6, Figure 4 indicates that 90 percent of all measured icing
conditlons caused an icing rate of less than 3 grams per square centi-
moter per howr (1.5 in./hr, with an ice density of 0.8). One-half
of the observations were in icing conditions of less than 1.3 grams
per square centimeter per hour (0.6 in./hr). The maximm condition
observed so far has been 5.3 grams per square centimeter per hour,
which is equivalent to about 2.6 inches per hour. The maximum
deslgn conditions for layer-type clouds specified in reference 4 give
a computed icing rate of approximately 4 inches per hour when related
to & 3-inch-diameter cylinder.

CONCLUSIONS

The following general conclusions are based on the observations
gathered during two winters of 1oing flights from the Lewis lab-

oratory:

1. In supercooled layer clouds that exist over the Great Lakes
aree, icing intensities are usually light (based upon the U. S.
Weather Bureaun scale of icing intensity in reporting icing conditions
at mountain stations) but mey occasionally approach an icing rate
of moderate intensity.

2. Data collected during the two seasons indicate that the .
specifications of meximmm icing comditions in terms of liquid-water
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content, mean-effective drop diameter, and temperature pmviously' A
proposed for supercooled layer-type olouds appear to be adequate
for the-Great Iakes area and surrounding regicms.

Lewis Flight Propulsion ILaboretory,
National Advisory Comnittee for Aeronmutioes,
Cleveland, Ohio, November 4, 1948,
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TABLE T ~ WMETEOROLOGIOAL DATA OBTAIRED IN

ICIKG QOMDITIOMS DURING l047~48 WINTER OPEXRATIONS

Ioing Datoe [Timo Alr-| True [Preseure | Temp- | Liquid- Heoan~ Drop-aige Cloud type Lacation snd remarks
sopdition {(28T) | plana lairsposd |altitude jorature | water |affsotive [dlstribution
{mph) {re) (OFP) aontent drop (a)
{zn/ou m) |dlsmeter
(micronn) .

1 12/1) /47 [LB30 | B-24M 178 6800 11 0.89 13 A stratooumilus [Over Lake Erie, Alldata taken near
(1240 /a2 4170 ] «10 I} o topa of olouds I0=-860 miles east of
1R:L3% ;1) L2 14} 11 .08 19 a a 80ld front. Ococanional hreaka

in olouds during last two runs.

8 1/3/48 [LB30 B-24X 148 3600 21 0,67 8 A Stratnus and [Local Oloveland aroa. CJloud layer
1540 149 3600 85 33 -] A stratooumnlne associated with we

oceluded front.

3 3/3/48 1814 [XB-88E 199 3680 11 .84 11 A Btratosmmilng [Area 20 miles south of Dunkirk,
ki1 8 189 3680 11 40 - a H. Y, to 80 miles southeast of
1233 188 3030 14 .15 11 A Buffalo, ¥« ¥, Foat cold frontal
1240 B0e F150 i3 8 10 A olouds,

1309 200 2620 18 «1B 18 A
1318 199 2620 13 21 10 A
1328 187 3180 1], +08 ] A

4 3/5/48 (1054 | B-B4M 181 >740 19 0.31 14 E gtratocumulua (GsnEral and northsrn Ghio. Inata-
1045 17a 800 23 38 13 B bility cloonds 180-200 miles
10563 174 5540 Bl .10 1B E north of & ¢old front.

1104 181 3480 B3 14 21 B
ilis ipl 3800 B3 18 20 A
1185 175 3800 B4 .18 23 A

[ 3/4/48 [1205 | B-24M 168 2920 88 0,10 15 Iy Btratosusulus |Southern Pennaylvania

[ 3/16/#3 1B0S | B=24M 198 6080 28 0,18 20 A gtravocumulus [Vieinity of Detrolt, Mich., B0
1680 199 6130 ] .21 18 B miles weat of cold Iront.

1832 200 7300 23 [$:r] 17 4

7 a3/es/e8|1620 | B-2aM| 1ve 8000 81 .18 18 A tratus and [Rastern Montana. Orographic and
1552 1o} 8100 =0 27 B0 A stratosuwmnlus | instability clouds north of
1o44 los a71o 18 . . B2 E & noarly siationary cold fromb.
1583 800 ag80 17 .10 gl A
1800 803 9110 18 .53 11 B
1913 198 9R10 16 .13 15 A
1916 8OO 9680 18 .05 i A

8 3/30/48 (1001 | B-g4M| 294 ap90 14 0.19 10 A Cumulus and (Violnity of Megsntic, Quebso. Mix-

stratoourmlus ture of ioe oryestals and waber.

9 4/1/40 | 0641 B~B4M lag 7190 28 0.13 B A piratosuruluas [Bstween Musiksgon and Fraverass
0904 188 8880 28 .47 8 E Clity, Mich. Heaviest iaing
0909 188 B720 24 RO a B along shora line of Lake Michigan.
0916 186 4740 20 .08 10 A
o9es 196 BC70 23 «59 9 B
0933 187 B170 28 48 1g B
0940 179 4870 28 ohd e E
Q953 189 48350 -] 38 1l E
1000 i80 Biko £6 58 ig h:3
1007 198 4470 24 28 i R ‘W
1014 170 3880 88 48 [} B
1438 107 7300 18 .16 16 3

"gize distributions are defined in referonce G.
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computations based on collectlion efficlency of S-inch—diameter

cylinder moving at 200 miles per hour, temperature of 15° ¥, and
pressure altitude of 10,000 feet.
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